Mineral bone disorder (MBD) is prevalent in patients undergoing maintenance dialysis treatment as well as those with chronic kidney disease (CKD) not requiring renal replacement therapy.^[@bib1]^ Numerous studies^[@bib2],\ [@bib3],\ [@bib4],\ [@bib5],\ [@bib6]^ have shown that laboratory abnormalities related to CKD-MBD such as elevated serum phosphate levels, when studied separately, predict poor renal outcomes in addition to cardiovascular outcomes. With extensive adjustment of all CKD-MBD-related factors, including serum 1,25-dihdroxyvitamin D (1,25(OH)~2~D) levels, we previously reported that only 25-hydroxyvitamin D (25D) and fibroblast growth factor 23 (FGF23) levels were predictors of renal outcomes (doubling of serum creatinine level and/or initiation of dialysis) in Japanese patients with CKD.^[@bib7]^ Furthermore, two large studies from the United States^[@bib8],\ [@bib9]^ and one from Europe^[@bib4]^ have also shown the prognostic value of FGF23 levels for progression to end-stage renal disease in CKD after adjustment for MBD-related factors. Although vitamin D deficiency was reported to be a predictor of adverse hard renal outcomes, studies on its association with changes in GFR are scarce.

The end point of dialysis initiation is critical, as end-stage renal disease is defined as the CKD stage that is dependent on renal replacement therapy, which is often used in epidemiological studies as the gold standard of hard renal outcomes. However, this end point is somewhat subjective in that the timing of dialysis initiation is usually determined by primary physicians. Moreover, it is not necessarily a 'renal\' outcome, as the timing is often dependent not only on renal function but also on the extent of heart function (failure).^[@bib10]^ This is very problematic especially when studying the relationship between FGF23 levels and the timing of dialysis initiation, because higher FGF23 levels are associated with cardiovascular events, particularly congestive heart failure.^[@bib11]^ From this point of view, changes in the glomerular filtration rate (GFR) represent a truly objective 'renal\' outcome, albeit a soft outcome.

A non-linear relationship between 25D levels and estimated GFR (eGFR) changes was reported in the general population aged 65 years (mean eGFR, 74.5 ml/minper1.73 m^2^).^[@bib12]^ In this study, lower 25D levels were monotonically associated with more rapid eGFR decline, particularly at levels approximately \<30 ng/ml. However, no report exists in patients with CKD regarding its association with the eGFR slope. The relationship between FGF23 levels and eGFR changes is also poorly understood in CKD patients, whereas its association with adverse renal outcomes has been demonstrated.^[@bib8],\ [@bib9]^ A recent study reported that C-terminal FGF23 levels predict annual loss of eGFR in patients with immunoglobulin A nephropathy.^[@bib13]^ However, it was a relatively small-sized study, and the linearity of this association remains unknown.

In CKD, the associations between MBD-related parameters and changes in eGFR remain unclear. In this study, we assessed the relationships between these two MBD-related biomarkers (25D and FGF23) and annualized eGFR decline in CKD.

RESULTS
=======

The baseline data of this study are summarized in [Table 1](#tbl1){ref-type="table"}. Briefly, about 20% of the cohort had diabetes and 20% had previous CVD at enrollment. Mean eGFR was 35 ml/minper1.73 m^2^. More than 95% (*n*=695) of the subjects had complete data without missing values.

During a median follow-up period of 4.4 (IQR, 4.0--4.6) years, 58 (7.9%) patients died, 81 (11.0%) were lost to follow-up, 156 reached a doubling of serum creatinine level, and 146 started dialysis. The mean (s.d,) annualized loss of eGFR was −2.06 (3.12)  ml/minper1.73 m^2^.

Lower 25D concentrations were associated with more rapid eGFR decline both in the univariate and multivariate analyses ([Figure 1](#fig1){ref-type="fig"}). In the univariate analysis, this association proved to be significantly non-linear (*P* for linearity, 0.017) with a cutoff value below which lower 25D levels were associated with steeper eGFR decline. We estimated the threshold of 25D level at which the slope of this association curve departed significantly from zero by computing the first derivative. The first derivative here means the slope of tangent lines to the cubic spline curves as a function of 25D levels. The flection points were 25 and 23 ng/ml in the univariate and multivariate analyses, respectively. The analyses using the 25D categories based on the KDOQI or IOM guidelines confirmed our findings ([Figure 2](#fig2){ref-type="fig"}). For example, patients with 25D levels \<15 ng/ml had a significantly steeper eGFR decline compared with patients with vitamin D sufficiency according to the KDOQI criteria (30 ng/ml) ([Figure 2a](#fig2){ref-type="fig"}).

When analyzing the association between 25D levels and eGFR slope, urinary protein levels might be a confounder, as 25D is lost in the urine with D-binding protein and proteinuria *per se* results in tubulointerstitial injury, leading to the loss of kidney function. Therefore, we adjusted for urinary protein levels. However, representing urinary protein as a categorical variable (by dipstick) might result in residual confounding. Therefore, we restricted the analysis of patients with mild proteinuria (\<\[2+\]) as a sensitivity analysis because of no significant relationship between 25D levels and proteinuria in patients with mild proteinuria (\<\[2+\]) in our study (*P*=0.42, Kruskal--Wallis).^[@bib14]^ Again, in the univariate analysis, we confirmed a similar association between 25D levels and annualized eGFR decline (data not shown).

We observed linear negative associations between FGF23 levels and eGFR changes both in the univariate and multivariate analyses ([Figure 3](#fig3){ref-type="fig"}, *P*-value for linearity, 0.427 and 0.463, respectively). Similar data were obtained when using categorical variables of FGF23 ([Figure 4](#fig4){ref-type="fig"}).

After dividing the patients into four groups based on the median 25D and FGF23 levels, the annualized eGFR changes (95% confidence intervals (CIs)) in the Low FGF23-Low 25D, High FGF23-High 25D, and High FGF23-Low 25D groups were 0.49 (−2.83 to 3.81), −1.24 (−5.00 to 2.52), −4.77 (−8.85 to −0.69), respectively, relative to the Low FGF23-High 25D group (*P* for trend, 0.02;) ([Figure 5](#fig5){ref-type="fig"}).

As sensitivity analyses, we excluded patients with an observation period of 1 year and then used multiple imputation method for missing values. Similar results were obtained in both analyses (data not shown).

DISCUSSION
==========

In this Japanese cohort study of CKD patients who were not yet receiving dialysis therapy, we observed a non-linear positive association between 25D levels and annualized eGFR changes and a linear negative association between FGF23 levels and eGFR changes. The vitamin D status-related association showed threshold effects, with a detrimental effect observed only within its lower ranges.

Our finding of the positive association between 25D levels and GFR changes was previously reported among community-dwelling older adults^[@bib12]^ and renal transplant recipients. Bienaime *et al.*^[@bib15]^ recently reported in a prospective cohort of 634 kidney transplant recipients that a low 25D concentration measured 3 months after transplantation was an independent risk factor for interstitial fibrosis progression confirmed by renal biopsy and was associated with a lower measured GFR 1 year after transplantation. However, in African-American patients with CKD, 25D levels did not predict renal outcome.^[@bib16]^ Recently, racial differences were reported to have a role in the association of serum 25D concentration with coronary heart disease events, in that lower serum 25D concentration was associated with an increased risk of incident coronary heart disease events among participants who were white or Chinese but not black or Hispanic.^[@bib17]^ Similar phenomena might apply to renal outcome due to genetic variants of vitamin D receptor.^[@bib18]^ Our data clearly indicate that 25D levels predict hard and soft renal outcomes in CKD, at least in the Japanese CKD patient population.

There has been much debate as to the optimal 25D concentration. Recent IOM guidelines recommend a concentration of 20 ng/ml,^[@bib19]^ as a recent systematic review showed that 30 ng/ml 25D is not consistently associated with improved bone health.^[@bib20]^ In contrast to the IOM report, the International Osteoporosis Foundation 2010 position paper on vitamin D recommends a threshold of 75 nmol/l (30 ng/ml) for optimal fall and fracture reduction.^[@bib21]^ The recent Kidney Disease Improving Global Outcomes guideline for CKD-MBD does not specify the optimal level of 25D, although the authors recommend nutritional vitamin D administration for patients with intact PTH levels above the upper normal limit of the assay and with vitamin D deficiency.^[@bib22]^ It should be noted that this recommendation is based on the control of PTH, not for renal benefit. Regarding renal outcomes, our study sheds light on the optimal level of 25D. The flection point was 25 and 23 ng/ml in the univariate and multivariate analyses, respectively. Therefore, at least 20 ng/ml 25D may be necessary, and 25 ng/ml may be sufficient for improved renal outcomes.

Our results suggest that vitamin D supplementation and any measures that decrease FGF23 levels have potential renal function benefits. However, they should be interpreted with caution, because this investigation was only an observational study. As observational studies cannot confer a causal relationship, intervention studies are required to clearly show the benefit of nutritional vitamin D supplementation or phosphate binder use. A recent small, uncontrolled study showed that oral cholecalciferol administration decreases albuminuria and urinary transforming growth factor β levels in patients with type 2 diabetic nephropathy taking renin--angiotensin--aldosterone (RAAS) system inhibitors.^[@bib23]^ In the field of transplantation, we have launched a randomized, controlled study of nutritional vitamin D and continuous erythropoietin receptor activator (CERA) (CANDLE-KIT trial) in anemic recipients, which will address this issue ([http://clinicaltrials.gov/ct2/ show/NCT01817699?term=NCT01817 699&rank=1](http://clinicaltrials.gov/ct2/show/NCT01817699?term=NCT01817699&rank=1)).

Intra-renal RAAS activation, which has been shown to reduce the expression of FGF23 co-receptor Klotho,^[@bib24]^ might explain the observed linear negative relationship between FGF23 levels and annualized eGFR changes, as the reduction of Klotho presumably leads to increased FGF23 expression via increased FGF23 resistance on the proximal tubules. Alternatively, increased FGF23 levels might be a surrogate biomarker of tubulointerstitial injury that predicts CKD progression,^[@bib25]^ given that high serum levels of FGF23 are detected in patients with autosomal-dominant polycystic kidney disease, where cyst-induced tubular damage is observed.^[@bib26],\ [@bib27]^

No relationship between 25D levels and eGFR change in patients with 25D \>25 and \>23 ng/ml in univariate and multivariate analyses, respectively, implies no clinical usefulness of 25D for prediction of this soft renal outcome in this sufficient range of 25D. However, even in this range of 25D, the addition of FGF23 improved prediction of eGFR. [Figure 5](#fig5){ref-type="fig"} shows that eGFR change in the Group DF was significantly lower than that in the Group Df by about 1 ml/min/1.73 m^2^ in univariate analysis, which is a clinically relevant difference. This is also true in patients with 25D \<23 ng/ml, as the difference in eGFR change between the Groups dF and df exceeded 1.5 ml/min/1.73 m^2^. Thus, the combined use of 25D and FGF23 is more useful than the use of either alone to predict eGFR decline.

Our study has several limitations. First, we did not perform direct measurements of GFR. Second, our ability to ascertain the impact of 25(OH)D and FGF23 concentration on eGFR changes may have been limited by the use of only one follow-up measurement of eGFR. Third, as with all studies of changes in GFR, our study is subject to potential survival bias. However, only 8% of the enrolled patients died during the entire observation period. The strengths of this study include its large population size and reduction of potential confounds by adjustment for well-defined potential confounding variables, particularly for MBD markers such as serum phosphorus levels, 1,25(OH)~2~D levels, and active vitamin D therapy. Therefore, the effect of vitamin D status on the eGFR slope was independent of serum 1,25(OH)~2~D levels and active vitamin D therapy. Another strength of our study is the fact that unlike in North America, nutritional vitamin D is not widely supplemented in Japan, and physicians cannot prescribe nutritional vitamin D. Indeed, a recent study reported that the prevalence of dietary vitamin supplement use, including vitamin D, was only 3.9% in Japan.^[@bib28]^ There is no fortified food in Japan. Moreover, no combination of bisphosphonate and nutritional vitamin D drug has been approved in Japan. In contrast, in North America, this type of study with only baseline data might not reveal the true effect of vitamin D status, as a concurrent increase of 25(OH)D levels and decrease of PTH levels over 10 years was observed in Canada,^[@bib29]^ and a similar phenomenon was reported in other cohorts such as the Chronic Renal Insufficiency Cohort (CRIC) owing to the increasing number of patients receiving nutritional vitamin D (personal communication).

In conclusion, high FGF23 and low 25D levels predicted an annualized eGFR decline. There was a cutoff level below which lower 25D levels were associated with a steeper eGFR decline. A future study is needed to test whether renal disease progression is prevented by vitamin D supplementation in patients with vitamin D deficiency or an intervention to decrease FGF23 levels, such as treatment with a phosphate binder.

MATERIALS AND METHODS
=====================

Study population
----------------

This study (the Osaka Vitamin D Study in CKD; OVIDS-CKD) was a prospective observational cohort study conducted in Osaka, Japan as described previously.^[@bib7]^ Briefly, we recruited 738 pre-dialysis CKD outpatients in two major hospitals in Osaka, Japan who agreed to be enrolled from May 2005 through July 2007. The Ethics Committee of Osaka University Hospital approved this study (approval number 07142). We restricted the analyses to 727 pre-dialysis CKD outpatients with an observation period for \>6 months and having no history of admission by acute kidney injury, because the eGFR slope in patients with a shorter observation period was very inaccurate and because the purpose of our study was to examine possible associations of 25D and FGF23 with the progression of CKD.

Baseline investigation and laboratory measurements
--------------------------------------------------

Data regarding baseline characteristics, including previous CVD history and medication use, were collected from patient records. Previous cardiovascular disease (CVD) was defined as a history of stroke, coronary artery disease, heart failure, aortic disease, valvular disease, or peripheral arterial disease. Patients underwent blood pressure measurement while seated in an office. Blood and urine samples were obtained at enrollment. After a 30-min incubation time, blood samples were centrifuged for serum separation and the sera were frozen and stored at −80 °C until analyses. Blood chemistry parameters (creatinine, albumin (Alb), calcium (Ca), and inorganic phosphorus) were measured using standard automated techniques. Full-length 1--84 parathyroid hormone (PTH) was measured using a third-generation assay (Whole PTH, Scantibodies, Santee, CA). The biologically active form of FGF23 (intact FGF23) was measured using a sandwich enzyme-linked immunosorbent assay system (Kainos Laboratories, Tokyo, Japan). Normal ranges of whole PTH and intact FGF23 are 9--39 and 10--50 pg/ml, respectively. We used this assay, because C-terminal FGF23 fragments were reported to be present as circulating FGF23 in serum from patients with end-stage renal disease.^[@bib30]^ Moreover, unlike in hemodialysis patients, the correlation between the two assays is poor in pre-dialysis patients.^[@bib31],\ [@bib32]^ Serum Ca levels were corrected for Alb using the following formula (corrected Ca=total Ca+(4.0−Alb) × 0.8, if Alb\<4.0 g/dl). Urinary protein levels were measured semiquantitatively with a dipstick test.

Exposures of interest
---------------------

The primary exposures were serum 25D and FGF23 concentrations. For vitamin D status categories, we used the Institute of Medicine (IOM) definition (deficiency, \<12 ng/ml; inadequacy, 12 and \<20 ng/ml; sufficiency, 20 ng/ml)^[@bib19]^ and the Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines (deficiency, \<15 ng/ml; inadequacy, 15 and \<30 ng/ml; sufficiency, 30 ng/ml).^[@bib33]^ We also created four groups using the s.d. of the log (FGF23) according to its distribution in healthy subjects.^[@bib34]^ To examine the combined effect of vitamin D status and FGF23 levels, we then categorized the patients into four groups according to the median of 25D and FGF23 concentrations (23.0 ng/ml and 49.5 pg/ml, respectively).

Study outcomes
--------------

Patients were seen regularly at a frequency dependent on their conditions and renal function, which was usually every 1--3 months, and followed prospectively until the study end date (1 July 2010), death, or lost to follow-up. We defined the study outcome as annualized eGFR decline; (final eGFR−baseline eGFR)/follow-up duration (years). The final eGFR was the eGFR at the time when the serum creatinine level doubled. If the patients achieved the renal event of initiation of dialysis or died before serum creatinine levels doubled, the eGFR at the visit just before the event was used as the 'final eGFR.\' The estimated GFR was calculated according to a Japanese standard formula based on inulin clearance (194 × creatinine^−1.094^ × age^−0.287^ (if female × 0.739)).^[@bib35]^ Originally, annualized eGFR decline was a secondary outcome of this cohort study.

Statistical analyses
--------------------

Data are presented as the mean±s.d. or the median and interquartile range (IQR), as appropriate. We created multiple dichotomous variables of proteinuria and the season of blood sampling with urinary protein (−) by the dipstick test and winter as references, respectively. Herein, spring denotes March to May, summer June to August, autumn September to November, and winter December to February. In the multivariable analysis, we adjusted for important clinical variables associated with CKD progression or MBD. We used binary variables for administration of angiotensin-converting enzyme inhibitor/angiotensin receptor blocker, calcium carbonate, and active vitamin D (alfacalcidol and calcitriol). Calcium carbonate was the only phosphate binder available for pre-dialysis CKD patients in Japan. As the associations between 25D and FGF23 levels and the eGFR slope might be non-linear, we also applied restricted cubic spline models to the serum 25D and FGF23 concentrations. Linearity was checked using the quadratic term of each continuous variable. As sensitivity analyses, we also compared the results of the complete case analysis with those obtained by imputing missing data. We generated five multiple imputation data sets using the normal multivariate model. We did not impute missing values of urinary protein because they were missing randomly (i.e., they were missing in patients with low or high urinary protein levels). The statistical test was two-tailed, and *P*\<0.05 was considered statistically significant. All statistical analyses were performed using Stata/SE 11.1 (Stata Corp., College Station, TX).
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![**Unadjusted and adjusted associations of 25-hydroxyvitamin D (25D) with annualized estimated glomerular filtration rate (eGFR) decline.** Shaded areas represent 95% confidence intervals. Models were performed using restricted cubic splines with four knots. Histograms represent the distribution of 25D in the study population. Annualized eGFR decline was greater in patients with 25D below the concentration of 25 and 23 ng/ml in univariate and multivariate analyses, respectively. In the multivariate analysis, we adjusted for age, sex, diabetes mellitus, previous cardiovascular disease, systolic blood pressure, hemoglobin, albumin, urinary protein, eGFR, corrected calcium, phosphorus, 1,25-dihydroxyvitamin D, whole parathyroid hormone, the seasons of blood sampling, and administration of calcium carbonate, active vitamin D, and angiotensin-converting enzyme inhibitors or angiotensin receptor blockers.](kisup201397f1){#fig1}

![**Annualized estimated glomerular filtration rate (eGFR) decline according to 25-hydroxyvitamin D (25D) categories by (a) Kidney Disease Outcomes Quality Initiative (KDOQI) and (b) Institute of Medicine (IOM) guidelines.** Patients with vitamin D deficiency presented greater eGFR loss. We adjusted for age, sex, diabetes mellitus, previous cardiovascular disease, systolic blood pressure, hemoglobin, albumin, urinary protein, eGFR, corrected calcium, phosphorus, 1,25-dihydroxyvitamin D, whole parathyroid hormone, the seasons of blood sampling, and administration of calcium carbonate, active vitamin D, and angiotensin converting-enzyme inhibitors or angiotensin receptor blockers.](kisup201397f2){#fig2}

![**Unadjusted and adjusted associations of fibroblast growth factor 23 (FGF23) with annualized estimated glomerular filtration rate (eGFR) decline.** Shaded areas represent 95% confidence intervals. Models were performed using restricted cubic splines with three knots. Histograms represent the distribution of FGF23 in the study population. Annualized eGFR decline was greater in patients with higher FGF23 levels. In the multivariate analysis, we adjusted for age, sex, diabetes mellitus, previous cardiovascular disease, systolic blood pressure, hemoglobin, albumin, urinary protein, eGFR, corrected calcium, phosphorus, 1,25-dihydroxyvitamin D, whole parathyroid hormone, the seasons of blood sampling, and administration of calcium carbonate, active vitamin D, and angiotensin-converting enzyme inhibitors or angiotensin receptor blockers.](kisup201397f3){#fig3}

![**Annualized estimated glomerular filtration rate (eGFR) decline according to fibroblast growth factor 23 (FGF23) categories.** FGF23 concentrations of 13, 30, and 70 are −2 s.d., mean, and 2 s.d. of healthy individuals, respectively. Patients with high FGF23 (2 s.d. of healthy individuals) presented greater eGFR loss. In the multivariate analysis, we adjusted for age, sex, diabetes mellitus, previous cardiovascular disease, systolic blood pressure, hemoglobin, albumin, urinary protein, eGFR, corrected calcium, phosphorus, 1,25-dihydroxyvitamin D, whole parathyroid hormone, the seasons of blood sampling, and administration of calcium carbonate, active vitamin D, and angiotensin-converting enzyme inhibitors or angiotensin receptor blockers.](kisup201397f4){#fig4}

![**Annualized estimated glomerular filtration rate (eGFR) decline and 95% confidence intervals in the patients categorized by fibroblast growth factor 23 (FGF23) and 25-hydroxyvitamin D (25D) median levels.** The high FGF23/low 25D group had significantly greater decline in eGFR compared with the low FGF23/high 25D group as a reference. This model was adjusted for age, sex, diabetes mellitus, previous cardiovascular disease, systolic blood pressure, hemoglobin, albumin, urinary protein, eGFR, corrected calcium, phosphorus, 1,25-dihydroxyvitamin D, whole parathyroid hormone, the seasons of blood sampling, and administration of calcium carbonate, active vitamin D, and angiotensin-converting enzyme inhibitors or angiotensin receptor blockers.](kisup201397f5){#fig5}

###### Characteristics of the study population

  ------------------------------------------------------- -------------------
  **Characteristics of the study population (*N*=727)**   
  *Demographic characteristics*                           
   Age (years)                                            64 (54, 72)
   Sex (female)                                           261 (35.9%)
   Body mass index (kg/m^2^)                              23.2±3.47
   Diabetes mellitus                                      138 (19.0%)
   Previous CVD                                           160 (22.0%)
   Systolic blood pressure (mm Hg)                        132±18.9
   Diastolic blood pressure (mm Hg)                       77.5±10.9
   Pulse pressure (mm Hg)                                 54.8±15.4
   ACE-I/ARB                                              532 (73.2%)
   Active vitamin D                                       42 (5.8%)
   Calcium carbonate                                      30 (4.1%)
                                                           
  *Baseline laboratory test results*                      
   Serum creatinine (mg/dl)                               2.05±1.45
   eGFR (ml/minper1.73 m^2^)                              35.3±19.1
   CKD stage                                               
    CKD stage 1 (eGFR 90)                                 3 (0.4%)
    CKD stage 2 (eGFR 60--89)                             92 (12.7%)
    CKD stage 3 (eGFR 30--59)                             304 (41.8%)
    CKD stage 4 (eGFR 15--29)                             219 (30.1%)
    CKD stage 5 (eGFR\<15)                                109 (15.0%)
   Urinary protein                                         
    Urinary protein (−)                                   166 (27.3%)
    Urinary protein (±)                                   88 (14.5%)
    Urinary protein (1+)                                  133 (21.8%)
    Urinary protein (2+)                                  136 (22.3%)
    Urinary protein \>(3+)                                86 (14.1%)
   Corrected calcium (mg/dl)                              9.31±0.57
   Phosphate (mg/dl)                                      3.49±0.72
   Whole PTH (pg/ml)                                      19.6 (11.0, 38.2)
   25-Hydroxyvitamin D (ng/ml)                            23.5±6.0
   1,25-Dihydroxyvitamin D (pg/ml)                        37.9±18.7
   Fibroblast growth factor 23 (pg/ml)                    49 (31.4, 78.8)
   Albumin (g/dl)                                         3.95±0.40
   Hemoglobin (g/dl)                                      12.4±2.1
  ------------------------------------------------------- -------------------

ACE-I/ARB, angiotensin-converting enzyme inhibitors or angiotensin receptor blockers; CKD, chronic kidney disease; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; PTH, parathyroid hormone.

Values are presented as numbers (%), mean±s.d., or median (interquartile range).
